Nanostructured amorphous Al oxide ͑a-Al 2 O 3 ͒ thin films doped with Tm 3+ were synthesized by alternate pulsed laser deposition. The Tm 3+ ions have been deposited in layers with in-depth separation ranging from 0.75 to 6 nm. The films show two broad emission bands originated from the Tm 3+ 3 H 4 → 3 F 4 and 3 F 4 → 3 H 6 transitions. Their intensity increases at a similar rate and the lifetimes are not modified as the layer separation decreases down to 1.5 nm, suggesting that there is no concentration quenching. At the critical value of 1.5 nm the onset of Tm 3+ -Tm 3+ energy transfer is evidenced by a sharp decrease of the emission intensity and lifetime. Below this critical value, the rate at which the intensity increases for the 3 F 4 → 3 H 6 transition is much higher than that for the 3 H 4 → 3 F 4 transition, evidencing quenching of the 3 H 4 → 3 F 4 transition through a cross-relaxation mechanism. The control of the Tm 3+ ions in the nanometer scale allows evidencing the onset of energy transfer processes among ions and offers a route to optimize compact photonic gain integrated devices.
Nanostructured amorphous Al oxide ͑a-Al 2 O 3 ͒ thin films doped with Tm 3+ were synthesized by alternate pulsed laser deposition. The Tm 3+ ions have been deposited in layers with in-depth separation ranging from 0.75 to 6 nm. The films show two broad emission bands originated from the Tm 3+ 3 H 4 → 3 F 4 and 3 F 4 → 3 H 6 transitions. Their intensity increases at a similar rate and the lifetimes are not modified as the layer separation decreases down to 1.5 nm, suggesting that there is no concentration quenching. At the critical value of 1.5 nm the onset of Tm 3+ -Tm 3+ energy transfer is evidenced by a sharp decrease of the emission intensity and lifetime. Below this critical value, the rate at which the intensity increases for the 3 [4] . Nevertheless, it has been found that the 3 H 4 level of Tm 3+ is easily quenched in a high-phonon-energy host material such as silica glass ͑ϳ1100 cm −1 ͒ [5, 6] . This problem can be circumvented by using lowphonon-energy materials such as fluoride glass ͑ϳ580 cm −1 ͒ or some multicomponent glasses [7, 8] . However, these materials present some disadvantages as usually their mechanical and thermal properties are far from those offered by silica-based glasses [9, 10] . Besides the host material an important factor to be considered is the Tm 3+ -Tm 3+ interaction that leads to energy transfer among ions due to cross-relaxation processes [7, [11] [12] [13] . Those effects become critical when developing integrated waveguide devices with dimensions in the micrometer scale.
In this work, we investigate the Tm 3+ -Tm 3+ energy transfer in nanostructured amorphous Al oxide ͑Tm 3+ :Al 2 O 3 ͒ films in which the dopant ions are distributed in layers whose in-depth separation has been accurately controlled in the nanoscale. The amorphous Al oxide ͑a-Al 2 O 3 ͒ has been chosen as host because it is a material with high potential to develop active integrated waveguide devices owing to its high refractive index contrast with respect to SiO 2 ͑ϳ0.2͒ and its excellent mechanical and thermal properties [14, 15] . Moreover, a-Al 2 O 3 has a maximum phonon energy of 870 cm −1 , which makes it suitable for Tm 3+ doping [16] . An ArF excimer laser [ = 193 nm, = 20 ns full width at half-maximum (FWHM), 2 J cm −2 ] was used to ablate independently the ceramic Al 2 O 3 and metal Tm targets. The deposition sequence involves the production of one a-Al 2 O 3 layer followed by the ablation of the Tm target with a single pulse to form a Tm 3+ -doped layer. The thickness of the spacing a-Al 2 O 3 layers was controlled by varying the number of pulses on the ceramic Al 2 O 3 target [17] . The Tm 3+ -Tm 3+ in-depth separation ͑s͒ was changed, with s = 0.75, 1, 1.5, 2, 4, and 6 nm, by increasing the number of Tm 3+ -doped layers in the films from 50 ͑s =6 nm͒ to 400 ͑s = 0.75 nm͒ while keeping a constant film thickness of ϳ300 nm. Therefore as s decreases, the Tm 3+ content increases. After deposition, all films were step annealed up to 800°C for 1 h in air [17] .
The Tm 3+ concentration ͓͑Tm 3+ ͔͒ was measured by Rutherford backscattering spectrometry (RBS) using a 2.0 MeV He + beam and a scattering angle of 165°. It was checked that the annealing did not cause any significant change in the measured Tm 3+ profile distribution of the films. The results show that the total Tm 3+ areal density has been varied in the range from 2.1ϫ 10 15 to 1.7ϫ 10 16 cm −2 , and the Tm 3+ areal density in a single doped layer is of 4.2ϫ 10 13 cm −2 . The average ͓Tm 3+ ͔ has been calculated as the areal density divided by the film thickness, and thus it is in the range from 7.0ϫ 10 19 cm −3 to 5.7ϫ 10 20 cm −3 . Photoluminescence (PL) was excited at room temperature with a Ti:sapphire laser at 794 nm and detected by a cooled Ge detector in the wavelength range of 1400-1700 nm with a time resolution of 0.05 ms. The luminescence decay curves were averaged and recorded with a digital oscilloscope. Further details of the setup can be found elsewhere [18] . Figure 1 shows the PL spectra corresponding to films having four different separations of the Tm 3+ -doped layers at 200 mW pump intensity. It has been checked that the shapes of the PL spectra do not depend on the pump intensity in the range from 100 to 800 mW. Two broad emission bands are observed for all films, whose maximum position and bandwidth do not change with the Tm 3+ layer separation. However, the PL intensities change significantly. The 1480 nm band with a FWHM of 113 nm is originated from the 3 H 4 → 3 F 4 transition (see inset). Usually, the strong multiphonon relaxation effect in high-phonon-energy materials such as silica glasses ͑ϳ1100 cm −1 ͒ is known to result in a nonradiative transition of [16] . The 1640 nm band with a FWHM of 82 nm corresponds to the higher energy side of the 3 F 4 → 3 H 6 transition (see inset), which has been observed in both crystalline and amorphous hosts [4, 11, 12, 16] . Its maximum emission is usually found ϳ1.7-2.1 m, which is out of the range of this study owing to the upper detection limit of our system. Figure 2 shows the PL maximum intensity of the 3 , as it is represented in the inset of Fig. 1 . As a result, the efficiency of the 3 H 4 → 3 F 4 emission is reduced in favor of the 3 F 4 → 3 H 6 emission. In the case of Tm 3+ -doped glasses this cross-relaxation process has been shown to be due to a dipole-dipole quenching mechanism in the framework of a limited-diffusion regime. In this regime a critical radius for energy transfer can be defined as the distance at which the probability of the crossrelaxation process becomes equal to the intrinsic decay rate of the metastable 3 H 4 level; i.e., energy transfer can take palace among ions located within this distance. The values for this radius reported for Tm 3+ -doped systems are 0.73 nm for chalcogenide glasses [12] , 1.79 nm for tellurites [13] , 0.94 nm for lead niobium germanate glasses [7] , and ϳ1.0 nm for LuAG crystals [19] . Therefore, these values are in good agreement with the 1.5 nm critical separation deduced from Fig. 2 [7, 8, 13] .
Concerning the 3 F 4 → 3 H 6 emission the observed PL intensity decrease at s = 1.5 nm ͑2.8ϫ 10 20 cm −3 ͒ cannot be due to cross relaxation between various excited states. Its lifetime decreases from 0.25± 0.05 ms for the low ͓Tm 3+ ͔ region to 0.17± 0.05 ms for the high ͓Tm 3+ ͔ region. This suggest that there is a selfconcentration quenching owing to nonradiative energy transfer processes that has been attributed to energy diffusion toward impurities and defects in the matrix [7, 20] . For germanate glasses the critical concentration for self-quenching has been reported to be 2.88ϫ 10 20 cm −3 , which is in good agreement with the value observed in our case (see Fig. 2 ).
In conclusion, the fact that both the 3 H 4 → 3 F 4 and 3 F 4 → 3 H 6 emissions have clearly been observed in the a-Al 2 O 3 matrix suggests that Tm 3+ :Al 2 O 3 is a very promising material for the development of optical waveguide amplifiers in the range of 1.4-1.7 m. However, it is necessary to control the concentration quenching due to cross relaxation and energy diffusion to impurities. The present results indicate that such control can be achieved by the choice of a suitable Tm 3+ -Tm 3+ layer separation with an appropriate in-plane concentration. For a-Al 2 O 3 the structuring should be designed to have the highest ͓Tm 3+ ͔ while keeping the Tm 3+ -Tm 3+ layer separation Ն1.5 nm. Nanostructuring the dopant distribution is thus suggested as a promising route toward the development of efficient optical waveguide amplifiers.
